Objective-Treatment of myocardial infarction within the first 1 to 2 hours with a thrombolytic agent, percutaneous coronary intervention, or an αIIbβ3 antagonist decreases mortality and the later development of heart failure. We previously reported on a novel small molecule αIIbβ3 antagonist, RUC-2, that has a unique mechanism of action. We have now developed a more potent and more soluble congener of RUC-2, RUC-4, designed to be easily administered intramuscularly by autoinjector to facilitate its use in the prehospital setting. Here, we report the properties of RUC-4 and the antiplatelet and antithrombotic effects of RUC-2 and RUC-4 in animal models. Approach and Results-RUC-4 was ≈20% more potent than RUC-2 in inhibiting human ADP-induced platelet aggregation and much more soluble in aqueous solutions (60-80 mg/mL). It shared RUC-2's specificity for αIIbβ3 versus αVβ3, did not prime the receptor to bind fibrinogen, or induce changes in β3 identified by a conformation-specific monoclonal antibody. Both RUC-2 and RUC-4 prevented FeCl 3 -induced thrombotic occlusion of the carotid artery in mice and decreased microvascular thrombi in response to laser injury produced by human platelets infused into transgenic mice containing a mutated von Willebrand factor that reacts with human but not mouse platelets. Intramuscular injection of RUC-4 in nonhuman primates at 1.9 and 3.85 mg/kg led to complete inhibition of platelet aggregation within 15 minutes, with dose-dependent return of platelet aggregation after 4.5 to 24 hours. Conclusions-RUC-4 has favorable biochemical, pharmacokinetic, pharmacodynamic, antithrombotic, and solubility properties as a prehospital therapy of myocardial infarction, but the possibility of increased bleeding with therapeutic doses remains to be evaluated. 
T he platelet αIIbβ3 receptor plays an important role in both hemostasis and thrombosis by virtue of it being required for platelet aggregation. 1 It is a validated target for antiplatelet therapy having been found to be efficacious in reducing the risk of complications of percutaneous coronary interventions in patients with ST-segment-elevation myocardial infarction (STEMI) in multiple randomized studies. 2 Currently, there are 3 approved αIIbβ3 antagonists, abciximab, a recombinant chimeric Fab fragment of the monoclonal antibody 7E3, and 2 small molecule inhibitors, eptifibatide and tirofiban, both of which are patterned after the R(K)GD sequence found in some αIIbβ3 ligands and in snake venoms and peptides that bind to the receptor's ligand-binding pocket. 3, 4 All 3 antagonists require intravenous administration and are associated with thrombocytopenia in a small percentage of recipients, most commonly with abciximab. 5 Early administration of these agents to patients having STEMI is associated with improved outcomes, [6] [7] [8] [9] [10] [11] [12] [13] but this strategy has not been adopted widely because of the difficulty of administering the drugs in the prehospital period by Emergency Medical Service personnel. Attempts to develop oral αIIbβ3 antagonists that might be more easily administered failed in trials of chronic therapy because of lack of efficacy, an increased risk of death with some agents, an increased risk of bleeding, and infrequent thrombocytopenia. 14, 15 It has been proposed that the thrombocytopenia associated with these agents is caused, in part, by their inducing the receptor to undergo a major conformational change that exposes neoepitopes to which some patients have preformed antibodies. 5, 14, 15 In fact, 2 of the oral agents associated with increased mortality, xemilofiban and orbofiban, were reported to expose a ligand-induced binding site epitope on the β3 subunit, 16 but variable results have been reported with other ligand-induced binding site antibodies and other αIIbβ3 antagonists. [16] [17] [18] [19] Similarly, the paradoxical increase in mortality has been proposed to result from their inducing the receptor to adopt the high-affinity ligand-binding conformation, thereby priming the receptor to bind ligand when the drug dissociates from the receptor. 14, 15, 17, [20] [21] [22] However, priming by αIIbβ3 antagonists has only been reported with purified receptor or when platelets are fixed in the presence of the αIIbβ3 antagonist and then the antagonist is washed away. 20, [23] [24] [25] [26] An alternative explanation for the paradoxical increase in mortality with the oral agents is the increased bleeding associated with these drugs, 26, 27 which likely reflects their narrow therapeutic window, because such events commonly lead to cessation of antiplatelet therapy. Moreover, oral agents are problematic when administered early to patients with STEMI because absorption is poor and erratic. In fact, there are data with all of the approved oral P2Y 12 antagonists demonstrating marked delays in the onset of action, even with high loading doses. [28] [29] [30] Thus, intramuscular administration is preferable because it assures absorption without the technical challenges associated with intravenous administration under emergency conditions in the field. 31 We recently described a novel αIIbβ3 antagonist termed RUC-2, a derivative of a smaller compound (RUC-1) identified in a high throughput screen.
19,32 RUC-1 and RUC-2 lack a carboxyl group analogous to the carboxyl group in the ligand Asp and in the αIIbβ3 antagonists that coordinates the Mg 2+ ion in the β3 subunit's metal ion-dependent adhesion site. 4, 32 Interactions between the ligand (or antagonist) carboxyl group and the backbone nitrogens in the β1-α1 loop of β3 result in the movement of that loop toward the metal ion-dependent adhesion site, initiating the dramatic swing-out motion of the β3 hybrid domain that leads to the receptor adopting a high-affinity ligand-binding conformation. 4 In support of this hypothesis, neither RUC-1 nor RUC-2 induced the reorganization of divalent cations in the β3 ligand-binding pocket nor did they induce conformational changes in β3 detectable by a conformationspecific monoclonal antibody or by electron microscopy. 19, 32, 33 Moreover, unlike eptifibatide and tirofiban, neither RUC-1 nor RUC-2 primed the receptor to bind the ligand fibrinogen. 19, 32, 33 RUC-2 is ≈100-fold more potent than RUC-1 (IC 50 s of ≈90 nmol/L and 13 μmol/L, respectively) and has a unique mechanism of action, with x-ray crystallography demonstrating that its amine group competes with the metal ion-dependent adhesion site Mg 2+ for binding to the carboxyl of β3 Glu220, thus displacing the Mg 2+ and locking the receptor in the inactive conformation. 32 As detailed in this article, RUC-2 has potent antithrombotic effects in an animal model and favorable pharmacokinetics and pharmacodynamics for use in the prehospital setting, but it has limited solubility, essentially precluding it from being able to be delivered intramuscularly by autoinjector under emergency conditions. As a result, we synthesized congeners of RUC-2 and identified RUC-4, which is slightly more potent than RUC-2 and >500-fold more soluble. 34 We now report on RUC-4's properties with regard to specificity, priming, and ability to induce conformational changes in the β3 subunit. We also provide data on its mechanism of action, pharmacokinetics, and pharmacodynamics in mice and nonhuman primates and antithrombotic properties in mouse models that use both mouse and human platelets. We conclude that RUC-4 has favorable properties for further development for prehospital intramuscular therapy of STEMI by autoinjector.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Comparison of the Properties of RUC-2 and RUC-4
The structures and properties of RUC-2 and RUC-4 are presented in Figure 1 and Table. RUC-4 differs from RUC-2 in being ≈20% more potent as judged by its IC 50 for 5 μmol/L ADPinduced platelet aggregation using citrated platelet-rich plasma and, most notably, being >500-fold more soluble in aqueous buffer at neutral pH. Because some αIIbβ3 antagonists are more potent when assayed in citrated platelet-rich plasma compared with anticoagulants that do not chelate divalent cations, 35, 36 we compared the inhibition of ADP-induced platelet aggregation in blood anticoagulated with citrate and blood anticoagulated with bivalirudin. The IC 50 s were 85±22 nmol/L and 100±23 nmol/L (n=4; P=0. 24) , respectively, indicating a small effect of citrate.
Given their similarity in IC 50 , we went on to assess RUC-4's specificity, ability to induce conformational changes in the β3 subunit, and ability to prime αIIbβ3 to bind the ligand fibrinogen. We used concentrations of each agent expected to inhibit completely platelet aggregation induced by ADP. RUC-4, like RUC-2, demonstrated specificity for αIIbβ3 relative to αVβ3 as shown by its inability to inhibit the binding of cells expressing αVβ3 to vitronectin while inhibiting the binding of cells expressing αIIbβ3 to fibrinogen ( Figure 2 ). Similarly, like RUC-2, but unlike eptifibatide, RUC-4 did not induce increased binding of monoclonal antibody (mAb) AP5, which recognizes a calcium sensitive ligand-induced binding site epitope in the β3 PSI domain ( Figure 3 ). Moreover, RUC-4, like RUC-2, but unlike eptifibatide and an RGD-containing peptide (RGDS), did not prime αIIbβ3 to bind fibrinogen ( Figure 4 ). In the latter studies, we could not directly test that RUC-4 was removed from the receptor by the washing procedures, but we inferred that it was removed because eptifibatide, which has >4-fold higher affinity for αIIbβ3 than RUC-4 as judged by its IC 50 for platelet aggregation, 32 did prime the receptor to bind fibrinogen under the same experimental conditions.
Molecular Dynamics Simulation Studies of RUC-4's Mechanism of Action
The structural basis of RUC-4's higher potency compared with RUC-2 was evaluated by molecular dynamics simulations. Detailed analysis of representative snapshots from the 50 ns simulation trajectories of RUC-2-αIIbβ3 ( Figure 5A ) and RUC-4-αIIbβ3 ( Figure 5B ) showed that RUC-4 binds to the protein the way RUC-2 does. Stable interactions that were identified during the simulations of both the RUC-2 and RUC-4 complexes ( Figure I in the online-only Data Supplement) included (1) a direct hydrogen bond between the piperazine nitrogen and one of the oxygens of the side chain carboxyl group of αIIb D224, (2) a direct hydrogen bond between the primary amine and one of the oxygens of the side chain carboxyl group of β3 E220, as well as with the backbone carbonyl oxygen of β3 A218, (3) a direct hydrogen bond between the phenylacetamide nitrogen with the backbone carbonyl oxygen of β3 N215, (4) a π-π stacking interaction between RUC-4's fused ring and the αIIb Y190 aromatic ring, and (5) a watermediated hydrogen bond between the carbonyl group in the compound's fused ring and the side chain carboxyl group of αIIb D232. No additional, direct interactions were found between RUC-4 and the protein compared with RUC-2. However, an additional water-mediated interaction between the extra nitrogen in the RUC-4's phenyl ring and the oxydryl group of the β3 residue Y166 was observed during the RUC-4 simulations ( Figure 5B ), providing a structural rationale for the slightly higher affinity of RUC-4 compared with RUC-2 ( Figure 5A ). Validation of the sampling of the configuration of water molecules within the binding pocket was achieved by comparison of the molecular dynamics-derived water density maps with converged positions of the hydrating water molecules determined by independent grand-canonical Monte Carlo simulations, which showed similar water distribution in the binding pockets of RUC-2 and RUC-4 during simulations ( Figure IIA -IIC in the online-only Data Supplement).
Pharmacokinetic and Pharmacodynamic Studies of RUC-2 and RUC-4 in Mice
We previously reported that RUC-2 at 1 μmol/L does not inhibit murine αIIbβ3, 32 and RUC-4 shares this property (data not shown). To assess the antiplatelet effects of RUC-2 and RUC-4, we therefore used the mice developed by Poncz's group that express human αIIb in combination with murine β3 (hαIIb/mβ3) because the αIIb subunit primarily determines the binding specificity of RUC-2 and RUC-4. 37 These mice express 58±8% (mean±SD) of the amount of platelet αIIbβ3 expressed by wild-type mice (n=6; data not shown) and have mild to moderate thrombocytopenia (635±112×10 3 platelet/μL in the mice we studied in the reported experiments [n=26] compared with 1257±179×10 3 platelet/μL in a group of wild-type C57Bl/6 mice [n=21]). Our goal was to identify a dose of each agent that could completely inhibit platelet aggregation induced by 20 μmol/L ADP within 15 minutes of administration while allowing for at least partial return of platelet aggregation within 2 to 4 hours. RUC-2 administered at 0.39 mg/kg (0.1 mL) IP produced complete inhibition of platelet aggregation induced by 20 μmol/L ADP within 15 minutes, with return of the aggregation response beginning at 45 minutes ( Figure 6A ). Because the duration of inhibition was less than the 2-4 hours we hoped to achieve, we treated another group of mice with RUC-2 at 3.85 mg/kg (0.3 mL) IP. Platelet aggregation in these mice was completely inhibited within 15 minutes, and the high-grade inhibition lasted for ≈2 hours, at which time the platelet aggregation response returned toward normal ( Figure 6B ). Because RUC-4 was more soluble than RUC-2, it could be administered intramuscularly in a smaller volume (0.05 mL). At 1.2 mg/kg, RUC-4 produced complete inhibition of platelet aggregation at 5 minutes, with partial return of aggregation at 4 hours ( Figure 6C) . A series of 7 mice that received saline instead of RUC-2 or RUC-4 showed variable partial reductions in the initial slope of platelet aggregation (47±26%) at different time points, but there was no temporal pattern, and none of them showed the complete inhibition of platelet aggregation consistently observed after receiving RUC-2 or RUC-4.
The plasma concentrations of RUC-2 in the same samples used for the platelet aggregation studies, along with the primary slopes of platelet aggregation, are provided in Table I in the online-only Data Supplement. With the exception of an outlier value in each series, the time to maximum plasma concentration was 15 minutes with RUC-2 and 5 minutes with RUC-4, perhaps reflecting more rapid absorption after intramuscular than intraperitoneal administration. The plasma levels of each agent dropped rapidly thereafter. The correlations between platelet aggregation and plasma concentrations comport well with RUC-4's IC 50 for hαIIb/mβ3 platelets (≈0.01 μmol/L; data not shown, n=3).
Pharmacokinetic and Pharmacodynamic Studies of RUC-4 in Macaca Fascicularis
RUC-4 was administered intramuscularly in volumes ranging from 0.26 to 0.47 mL to 3 cynomolgus monkeys at doses of 3.86 mg/kg, 1.93 mg/kg, and 1.0 mg/kg ( Figure 6D ; Table  II in the online-only Data Supplement). At the highest dose, aggregation was completely inhibited within 15 minutes and the high-grade inhibition lasted for >4.5 hours, but <24 hours; at the intermediate dose, inhibition was complete within 15 minutes and the aggregation response began to return to normal by 4.5 hours; at the lowest dose, inhibition of aggregation was partial at 15 minutes and complete at 30 minutes, with return toward normal aggregation evident at 2 hours. The injection of the vehicle control (0.45% NaCl) did not inhibit platelet aggregation of samples obtained at multiple time points (Figure 6D ). The platelet counts in all 3 animals remained stable throughout the 24-hour period (Table III in the online-only Data Supplement).
Clinical evaluation of the animals revealed that RUC-4 was well tolerated, with little or no purpura at the sites of administration or blood drawing. Transient gum bleeding was noted in the animal receiving the 3.85 mg/kg dose and a slight amount of blood was found on the rectal thermal probe when removed from the animal receiving the 1.93 mg/ kg dose on one occasion. All animals were judged by the Figure 6 . Effect of intraperitoneal RUC-2 and intramuscular RUC-4 on ADP-induced platelet aggregation in mice expressing hαIIbβ3 on their platelets. Blood was obtained from the left ventricle under ultrasound guidance before (prebleed) and at the indicated times after the intraperitoneal administration of (A) 0.1 mL of 96 μg/mL RUC-2 in water for the 0.39 mg/kg dose and (B) 0.3 mL of 321 μg/mL RUC-2 in water for the 3.85 mg/kg dose, and the intramuscular administration (C) of 0.025 mL of RUC-4 dissolved in saline (600 μg/mL) in the caudal thigh muscles (semitendinosus-semimembranosus) in each leg. Each figure reflects composite data from different mice because each mouse was sampled only once. The 45-minute time points for the RUC-2 3.85 mg/kg dose and the RUC-4 1.2 mg/kg dose showed complete inhibition of platelet aggregation in all animals, and so they were omitted to simplify the presentation. D, Effect of IM RUC-4 on ADP (20 μmol/L)-induced platelet aggregation at times after administration to Macaca fascicularis. a, Data on animals receiving 3.86 mg/kg; b, Data on animals receiving 1.93 mg/kg; c, Data on animals receiving 1.0 mg/kg; and d, Data on animals receiving vehicle control (0.45% saline). Blood was collected at the indicated times and anticoagulated with 3.2% sodium citrate. Platelet-rich plasma (PRP) was prepared, and aggregation was evaluated in an aggregometer. Two animals were treated at each dose. At some time points, PRP could only be obtained from one of the animals. Otherwise, the 2 adjacent tracings at each time point reflect data from 2 different animals.
veterinary staff to be clinically normal before being released back to the test facility.
Antithrombotic Effects of RUC-2 and RUC-4: FeCl 3 Murine Carotid Artery Model
The antithrombotic effects of RUC-2 and RUC-4 were assessed in hαIIb/mβ3 mice using the FeCl 3 carotid artery model. Mice treated with saline had platelet counts similar to those of mice treated with either RUC-2 (587±82 versus 677±132×10 3 platelets per μL, respectively) or RUC-4 (707±204 versus 674±176×10 3 platelets per μL, respectively). αIIbβ3 surface expression, judged by the binding of the mAb 10E5, was also similar on the platelets of saline-treated mice compared with those treated with RUC-2 (231±53 versus 249±10 arbitrary fluorescence units, respectively) or RUC-4 (141±43 versus 137±35 arbitrary units, respectively). RUC-2 at 3.85 mg/kg IP and RUC-4 at 1.2 mg/kg IM protected mice from vaso-occlusion; the protection was complete with RUC-2 (8/8) and incomplete with RUC-4, with 2 of 11 mice developing occlusion during the experiment (Figure 7 ).
Antithrombotic Effects of RUC-2 and RUC-4: Transgenic von Willebrand Factor Mouse With Infused Human Platelets
To assess the antithrombotic effect of RUC-4 on human platelets in a physiological relevant setting, we used a genetically modified murine model in which substituting His for Arg at position 1326 in the von Willebrand factor A1 domain results in a decrease in the ability of murine platelets to form thrombi in response to laser injury in the cremasteric circulation while dramatically increasing the ability of transfused human platelets to form thrombi. 38 Intravital microscopy demonstrated that intravenous RUC-4 at 1.5 mg/kg resulted in a marked decrease in thrombus formation (>80%), comparable to the decrease found with the αIIbβ3 antagonist abciximab (P=0.15; Figure 8 ; Movie I and Table IV in the online-only Data Supplement).
Discussion
Despite universal agreement on the benefits of early treatment of myocardial infarction, 39, 40 administering an effective agent in the prehospital setting poses several challenges. The first is the ability of emergency medical service personnel to diagnose STEMI in the field based on clinical and electrocardiographic criteria. In the IMMEDIATE (Immediate Myocardial Metabolic Enhancement During Initial Assessment and Treatment in Emergency Care) trial, improvements in training and the algorithms used to assess the field ECGs resulted in a relatively low rate of misdiagnosis, with 88.7% of the patients with ST segment elevation in the field ECG later demonstrating evidence of myocardial infarction. 41 The second is the impact of cardiovascular instability on the patient's ability to absorb oral medications. Studies of P2Y 12 antagonists provide strong evidence that impaired gastrointestinal absorption during acute coronary syndromes results in marked, and variable, delays in the onset of the antiplatelet effect. [28] [29] [30] The third is the need for a rapid and convenient method of administration. The current αIIbβ3 antagonists all require intravenous administration with ongoing infusion, which can be difficult to achieve under emergency conditions. For example, in a study comparing intravenous lorazepam with intramuscular midazolam administered by autoinjector by emergency service personnel for the treatment of status epilepticus, 42 of 445 (9.4%) of patients did not receive the lorazepam because the personnel could not obtain intravenous access. In contrast, only 5 of 448 patients (1.1%) did not receive the intramuscular midazolam, and in each case it was because of autoinjector failure. The median time to drug administration was also shorter for the midazolam group (≈1 versus ≈5 minutes). In the IMMEDIATE trial of patients with acute coronary syndromes, the emergency medical service personnel could not obtain intravenous access in 51 of 1483 patients (3.4%) and in those with intravenous access, subsequent infusion pump failure occurred in 16 of 1087 (1.5%) patients. 41 The fourth is having the proper pharmacokinetics, such that the onset of action is rapid, but the effect wears off in several hours as a safety measure and so that the physicians at the receiving hospital can introduce the therapy they think best, including surgery. Thus, an ideal antiplatelet agent for prehospital therapy of STEMI should (1) have the potency of an αIIbβ3 antagonist, the most potent of currently available agents; (2) be rapidly absorbed and achieve high-grade inhibition of platelet aggregation within minutes when administered intramuscularly; (3) have its antiplatelet effects begin to wear off within several hours; and (4) possess sufficient solubility so that it can be administered in ≈1.5 mL, the practical limit for autoinjector.
Our data demonstrate that RUC-4 fulfills these criteria, being a potent inhibitor of platelet aggregation and thrombus formation in several different models that correlate with the efficacy of known antiplatelet agents, including a nonhuman primate model and a transgenic mouse model that uses human platelets. Moreover, RUC-4, like RUC-2, has a unique mechanism of action that does not trigger the conformational changes in the receptor induced by other αIIbβ3 antagonists based on the R(K)GD sequence that prime the receptor to bind fibrinogen and perhaps expose neoepitopes that lead to thrombocytopenia.
Prehospital therapy with a potent antiplatelet agent raises important safety concerns, especially because the use of αIIbβ3 antagonists used during percutaneous coronary artery interventions is associated with increased risk of bleeding and bleeding is associated with adverse outcomes. Some of the bleeding associated with these agents can be ameliorated by proper dosing, especially in women 42 and by using radial rather than femoral access. 43 Fortunately, αIIbβ3 antagonists have been associated with a much lower frequency of intracranial hemorrhage relative to thrombolytic therapy, with data from 367 294 patients treated with αIIbβ3 antagonists in the United States between 2000 and 2002 showing a rate of 0.13%, some of which may have been unrelated to the therapy. 44 Moreover, the reported bleeding complications associated with αIIbβ3 antagonists comes from studies in which patients received aspirin and an anticoagulant, whereas in the prehospital setting, patients will likely only receive aspirin and the αIIbβ3 antagonist. In addition, a sizable fraction of the bleeding associated with αIIbβ3 antagonists occurs at the percutaneous coronary intervention arterial access site, and because arterial access only occurs after hospitalization, it will not contribute to prehospital hemorrhagic risk. None-the-less, the possibility of increased bleeding associated with therapeutic doses of RUC-4 remains to be evaluated.
Finally, in addition to the potential short-term benefits of early potent antiplatelet therapy, [6] [7] [8] [9] [10] [11] [12] [13] [14] there is emerging evidence that it may also decrease the longer term risk of congestive heart failure. 7, 10, 45 This is important because in 2010, 14.2% of Medicare patients with myocardial infarction were hospitalized for congestive heart failure within 1 year, and among those hospitalized, 45.5% died within the next year. 46 In a recent review, Goel et al 47 concluded that every 1-hour delay in time to reperfusion is associated with an ≈4% to 12% increased risk of new-onset congestive heart failure. It is important, therefore, to assess whether the rapid increase in cardiac blood flow associated with αIIbβ3 antagonist treatment of STEMI 48 will translate into decreased morbidity and mortality from congestive heart failure.
